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Novel swine-origin influenza viruses of the H1N1 subtype were first detected in humans in April 2009. As of
12 August 2009, 180,000 cases had been reported globally. Despite the fact that they are of the same antigenic
subtype as seasonal influenza viruses circulating in humans since 1977, these viruses continue to spread and
have caused the first influenza pandemic since 1968. Here we show that a pandemic H1N1 strain replicates in
and transmits among guinea pigs with similar efficiency to that of a seasonal H3N2 influenza virus. This
transmission was, however, partially disrupted when guinea pigs had preexisting immunity to recent human
isolates of either the H1N1 or H3N2 subtype and was fully blocked through daily intranasal administration of
interferon to either inoculated or exposed animals. Our results suggest that partial immunity resulting from
prior exposure to conventional human strains may blunt the impact of pandemic H1N1 viruses in the human
population. In addition, the use of interferon as an antiviral prophylaxis may be an effective way to limit spread
in at-risk populations.

A pandemic of novel swine-origin influenza virus (H1N1) is
developing rapidly. As of 12 August 2009, nearly 180,000 cases
had been reported to the WHO from around the globe (36).
Sustained human-to-human transmission has furthermore
been observed in multiple countries, prompting the WHO to
declare a public health emergency of international concern and
to raise the pandemic alert level to phase 6 (7).

Swine are a natural host of influenza viruses, and although
sporadic incidences of human infection with swine influenza
viruses occur (8, 9, 14, 29, 35), human-to-human transmission
is rare. H1N1 influenza viruses have likely circulated in swine
since shortly after the 1918 human influenza pandemic (38).
From the 1930s, when a swine influenza virus was first isolated,
to the late 1990s, this classical swine lineage has remained
relatively stable antigenically (34). In the late 1990s, however,
genetic reassortment between a human H3N2 virus, a North
American avian virus, and a classical swine influenza virus
produced a triple reassortant virus, which subsequently spread
among North American swine (34). Further reassortment
events involving human influenza viruses led to the emergence
in pigs of triple reassortants of the H1N1 and H1N2 subtypes
(34). None of these swine viruses have demonstrated the po-
tential for sustained human-to-human transmission.

The swine-origin influenza viruses now emerging in the hu-
man population possess a previously uncharacterized constel-
lation of eight genes (28). The NA and M segments derive
from a Eurasian swine influenza virus lineage, having entered
pigs from the avian reservoir around 1979, while the HA, NP,
and NS segments are of the classical swine lineage and the PA,

PB1, and PB2 segments derive from the North American triple
reassortant swine lineage (13). This unique combination of
genetic elements (segments from multiple swine influenza vi-
rus lineages, some of them derived from avian and human
influenza viruses) may account for the improved fitness of
pandemic H1N1 viruses, relative to that of previous swine
isolates, in humans.

Several uncertainties remain about how this outbreak will
develop over time. Although the novel H1N1 virus has spread
over a broad geographical area, the number of people known
to be infected remains low in many countries, which could be
due, at least in part, to the lack of optimal transmission of
influenza viruses outside the winter season; thus, it is unclear at
this point whether the new virus will become established in the
long term. Two major factors will shape the epidemiology of
pandemic H1N1 viruses in the coming months and years: the
intrinsic transmissibility of the virus and the degree of protec-
tion offered by previous exposure to seasonal human strains.
Initial estimates of the reproductive number (R0) have been
made based on the epidemiology of the virus to date and
suggest that its rate of spread is intermediate between that of
seasonal flu and that of previous pandemic strains (3, 11).
However, more precise estimates of R0 will depend on better
surveillance data in the future. The transmission phenotype of
pandemic H1N1 viruses in a ferret model was also recently
reported and was found to be similar to (16, 27) or less efficient
(25) than that of seasonal H1N1 strains. The reason for this
discrepancy in the ferret model is unclear.

Importantly, in considering the human population, the im-
pact of immunity against seasonal strains on the transmission
potential of pandemic H1N1 viruses is not clear. According to
conventional wisdom, an influenza virus must be of a hemag-
glutinin (HA) subtype which is novel to the human population
in order to cause a pandemic (18, 38). Analysis of human sera
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collected from individuals with diverse influenza virus expo-
sure histories has indicated that in those born in the early part
of the 20th century, neutralizing activity against A/California/
04/09 (Cal/04/09) virus is often present (16). Conversely, sero-
logical analyses of ferret postinfection sera (13) and human
pre- and postvaccination sera (4a) revealed that neutralizing
antibodies against recently circulating human H1N1 viruses do
not react with pandemic H1N1 isolates. These serological find-
ings may explain the relatively small number of cases seen to
date in individuals greater than 65 years of age (6). Even in the
absence of neutralizing antibodies, however, a measure of im-
mune protection sufficient to dampen transmission may be
present in a host who has recently experienced seasonal influ-
enza (10). If, on the other hand, transmission is high and
immunity is low, then pandemic H1N1 strains will likely con-
tinue to spread rapidly through the population. In this situa-
tion, a range of pharmaceutical interventions will be needed to
dampen the public health impact of the pandemic.

Herein we used the guinea pig model (4, 21–24, 26, 30) to
assess the transmissibility of the pandemic H1N1 strains Cal/
04/09 and A/Netherlands/602/09 (NL/602/09) relative to that of
previous human and swine influenza viruses. To better mimic
the human situation, we then tested whether the efficiency of
transmission is decreased by preexisting immunity to recent
human H1N1 or H3N2 influenza viruses. Finally, we assessed
the efficacy of intranasal treatment with type I interferon (IFN)
in limiting the replication and transmission of pandemic H1N1
viruses.

MATERIALS AND METHODS

Viruses. Human seasonal influenza H1N1 A/Brisbane/59/2007 (Bris/59/07),
H3N2 A/Panama/2007/1999 (Pan/99), and pandemic H1N1 Cal/04/09 viruses
were obtained from the Centers for Disease Control and Prevention. Influenza
H3N2 A/swine/Texas/1998 virus was kindly provided by Richard Webby (St. Jude
Children’s Hospital, Memphis, TN). Pandemic H1N1 NL/602/09 virus was kindly
provided by Ron Fouchier (Erasmus Medical Centre, The Netherlands). Cal/
04/09 and NL/602/09 viruses were propagated in MDCK cell culture to avoid the
introduction of adaptive changes in HA, while the remaining strains were am-
plified in 10- to 11-day-old embryonated hens’ eggs. The use of differing sub-
strates for the production of virus stocks could result in differences in glycosy-
lation patterns or adaptive changes in viral genes (37). In past experiments,
Pan/99 virus stocks grown in eggs or in MDCK cells have been found to exhibit
phenotypes which are indistinguishable in the guinea pig model (data not
shown).

Animals. All animal experiments were performed in accordance with the
guidelines of the Mount Sinai School of Medicine Institutional Animal Care and
Use Committee. Female Hartley strain guinea pigs weighing 300 to 350 g were
obtained from Charles River Laboratories (Wilmington, MA). Guinea pigs were
anesthetized through intramuscular injection of a ketamine-xylazine mixture (30
mg/kg of body weight and 2 mg/kg of body weight, respectively) prior to all
procedures (inoculation, nasal wash collection, collection of blood, and treat-
ment with IFN). During guinea pig transmission experiments, measures were
followed to prevent aberrant cross-contamination between cages: exposed ani-
mals were handled before inoculated animals, and gloves were disinfected be-
tween cages.

Contact transmission. Four guinea pigs were inoculated intranasally with 104

PFU Cal/04/09 virus in 300 �l phosphate-buffered saline (PBS). At 24 h posti-
noculation, each infected animal was placed in the same cage with one naïve
guinea pig. Nasal washes were collected from all eight guinea pigs on days 2, 4,
6, and 8 postinfection, as previously described (22). Since we have found that
environmental conditions have little impact on the efficiency of contact trans-
mission (24), this experiment was performed under ambient conditions, with two
animals housed in each enclosed cage.

Aerosol transmission. Four guinea pigs were inoculated intranasally with 104

PFU of the indicated influenza virus in 300 �l PBS. Exposure of naïve guinea
pigs to inoculated guinea pigs was initiated 24 h after infection and continued for

7 days. Nasal washings were collected from animals on days 2, 4, 6, and 8
postinoculation. Aerosol transmission experiments were performed within a Ca-
ron environmental test chamber (model 6030) set to 20°C and 20% relative
humidity. Cages placed within the chamber were open at the top and at one side,
such that air exchange occurred among all eight cages; thus, direct pairings of
infected and exposed animals were not made. Herein we define the term aerosol
to mean small and large respiratory droplets (that is, with diameters spanning the
range of �1 �m to 20 �m). Thus, our experiments do not allow differentiation
between exhaled particles with short settling times and those that remain air-
borne for an extended period.

Transmission following preexposure to a heterologous influenza virus. For
initial exposure, eight guinea pigs were inoculated intranasally with 104 PFU of
Bris/59/07 virus (H1N1) or Pan/99 virus (H3N2), as indicated. These animals
were subjected to nasal washing on days 2, 4, and 6 postinfection in order to
confirm that productive infection had occurred. Challenge with Cal/04/09 virus
was carried out at 3 weeks postinoculation by one of two routes, as follows: four
previously exposed animals were inoculated intranasally with 104 PFU of virus,
while four were simply placed in the same cage with an acutely infected guinea
pig. In addition, each intranasally challenged animal was placed in the same cage
with one naïve guinea pig at 24 h postinoculation. Thus, two contact transmission
experiments were set up with the influenza-experienced guinea pigs, i.e., one in
which preexposed animals were the donors in transmission and one in which the
preexposed animals were the recipients in transmission. As a control and in
parallel with these two experiments, a third experiment was set up using naïve
guinea pigs for donors and naïve guinea pigs for recipients.

Transmission of Cal/04/09 virus in the context of IFN treatment. Recombinant
human IFN-�B/D protein (previously described in references 12, 15, and 33) was
used for treatment of guinea pigs. The protein was stored lyophilized at 4°C and
reconstituted in PBS immediately prior to use. A dose of IFN corresponding to
500,000 U/kg, previously shown to effectively induce an antiviral state among
treated animals (32), was given intranasally in a volume of 300 �l, with 150 �l
instilled into each nostril. Animals that were not treated with IFN received PBS
alone, administered in the same manner. One day prior to infection (day �1),
four guinea pigs were treated with IFN and four were treated with PBS. The
same eight guinea pigs were then inoculated on day 0 with 104 PFU of Cal/04/09
virus; the inoculum was in a total volume of 300 �l and contained either IFN or
PBS alone, as appropriate. Also on day 0, the treatment of 16 guinea pigs due to
be exposed to the inoculated animals began: 8 received IFN and 8 received PBS.
On day 1 postinfection, exposure of naïve animals to infected animals was
initiated by placing one IFN-treated and one PBS-treated guinea pig into the
same cage with each infected guinea pig. Nasal washes were collected from all
animals on days 2, 4, 6, and 8 postinfection. Treatment with IFN or PBS con-
tinued, with daily doses given on days 1, 2, 3, 4, 5, and 6 postinfection, after nasal
washing was complete, if applicable. This experiment was performed under
ambient conditions, with three animals housed in each enclosed cage.

RESULTS

Transmissibility of pandemic H1N1 influenza viruses in the
guinea pig model. To assess transmission under circumstances
where direct and indirect contacts, as well as short-range aero-
sol transmission, were possible, we exposed naïve guinea pigs
to Cal/04/09 virus-infected animals in the same cage. Thus, 24 h
after intranasal inoculation, four infected guinea pigs were
each placed in the same cage with four naïve guinea pigs. By
collecting nasal lavage samples from all animals on alternating
days postinoculation, we were able to follow the kinetics of
viral growth in the inoculated guinea pigs and the rate of
transmission to exposed cagemates. As shown in Fig. 1, the
swine-origin virus grew to high titers in all inoculated guinea
pigs (peak of approximately 1 � 107 PFU/ml on day 2 postin-
fection). In addition, Cal/04/09 virus was transmitted efficiently
to exposed animals, with all four becoming positive at 3 days
postexposure (corresponding to 4 days postinoculation).

Next, we tested the propensity of Cal/04/09 virus to be trans-
mitted via an aerosol route. Again, four naïve guinea pigs were
each exposed to an infected animal at 24 h postinoculation; in
this case, however, exposure was achieved by placing the indi-
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vidually caged animals in close proximity (21). Each cage was
open to airflow, and cages were placed in such a way that no
contact was possible between guinea pigs. Aerosol experiments
were performed within an environmentally controlled chamber
at 20°C and a relative humidity of 20%. Transmission of Cal/
04/09 virus under these conditions also occurred with 100%
efficiency: all four exposed animals yielded positive nasal la-
vage samples by day 5 postexposure (Fig. 2A). To test for
strain-specific differences in swine-origin influenza virus trans-
mission, we then evaluated the phenotype of the NL/602/09
isolate under the same conditions. As shown in Fig. 2B, very
similar results were obtained: NL/602/09 virus was transmitted
to all four exposed guinea pigs, with each yielding positive
nasal wash samples by day 3 postexposure. In order to establish
a reference for comparison, we also tested the aerosol trans-
mission of a virus isolated from North American swine in 1998
(A/swine/Texas/1998; H3N2) and a recent human isolate of the
H3N2 subtype (Pan/99). In contrast to the pandemic H1N1
strains, influenza A/swine/Texas/1998 virus was detected in the
nasal washings of only one of four exposed guinea pigs (Fig.
2C). As shown in Fig. 2D and previous publications (21, 22,
30), Pan/99 virus was transmitted with high efficiency, infecting
all four exposed guinea pigs. Thus, our results suggest that
Cal/04/09 virus possesses a transmission phenotype more sim-
ilar to that of a seasonal human strain than that of the H3N2
subtype, triple reassortant swine influenza virus tested.

Although the pandemic H1N1 strains were shed at similar
peak titers to that of the seasonal Pan/99 virus, we noted that
the Cal/04/09 and NL/602/09 strains consistently were cleared
more quickly from the guinea pig nasal passages than was
Pan/99 virus. Thus, in Cal/04/09- and NL/602/09-infected ani-
mals, very low (�100 PFU/ml) virus levels were detected on
day 6 postinfection, whereas Pan/99 virus titers usually re-
mained at about 1,000 PFU/ml at this time point (compare Fig.
1 and 2A and B with Fig. 2D and references 21, 22, and 30).
This difference in shedding kinetics did not, however, correlate
with relative transmission efficiencies.

Impact of preexisting immunity to seasonal H1N1 and
H3N2 viruses on pandemic H1N1 virus transmission. To eval-
uate the possibility that prior exposure to conventional human

H1N1 influenza viruses will decrease the transmissibility of
pandemic H1N1 strains, we performed a contact transmission
experiment in which either the inoculated or exposed guinea
pigs had been preexposed to influenza Bris/59/07 (H1N1) virus
3 weeks previously. Initial exposure comprised intranasal in-
oculation with 104 PFU of Bris/59/07 virus. Nasal washes were
collected to confirm that productive infection with Bris/59/07
virus occurred: peak titers were observed on day 2 postinfec-
tion and averaged 1 � 107 PFU/ml (data not shown). Chal-
lenge with Cal/04/09 virus was performed in one of three ways.
In the first group (Fig. 3A, left column), only guinea pigs with
no prior exposure were used as a baseline control. In a like
manner to the results shown in Fig. 1, 100% transmission was
observed in this group. In the second group (Fig. 3A, middle
column), four Bris/59/07-experienced guinea pigs were inocu-
lated intranasally with 104 PFU of Cal/04/09 virus. At 24 h
postinoculation, each of these animals was then placed in the
same cage with one naïve guinea pig in order to monitor for
transmission. Nasal wash titers of the inoculated animals in this
group were found to be approximately 40-fold lower at the
peak of shedding (on day 2 postinfection) than those of the
corresponding naïve control animals. Thus, natural infection
with Bris/59/07 virus provides a measure of protection against
challenge with Cal/04/09 virus. Furthermore, a reduction in
transmission to naïve animals was observed: just two of four
contacts contracted infection when the inoculated donor
guinea pigs had preexisting immunity. In the third group (Fig.
3A, right column), four Bris/59/07-experienced guinea pigs
were challenged through exposure in the same cage to guinea
pigs acutely infected with Cal/04/09 virus. Here, complete pro-
tection against transmission was seen, with none of the Bris/
59/07-experienced animals becoming infected.

FIG. 2. Transmission by aerosol route of Cal/04/09, NL/602/09,
Pan/99, and A/swine/Texas/1998 influenza viruses. Four guinea pigs
were inoculated intranasally with 104 PFU of Cal/04/09 (A), NL/602/09
(B), A/swine/Texas/1998 (C), or Pan/99 (D) virus and isolated for 24 h.
At 24 h postinfection, a naïve guinea pig was placed in a cage adjacent
to each inoculated guinea pig. Viral loads in nasal washings collected
at days 2, 4, 6, and 8 postinfection are presented. Dashed lines with
squares represent nasal wash titers of inoculated animals; solid lines
with triangles represent nasal wash titers of exposed animals. Experi-
ments shown in panels A and D were performed in parallel; experi-
ments shown in panels B and C were performed separately.

FIG. 1. Efficient transmission of Cal/04/09 between guinea pigs by
a contact route. Four guinea pigs were inoculated intranasally with
Cal/04/09 (H1N1) virus. At 24 h postinfection, a naïve guinea pig was
placed in the same cage with each inoculated guinea pig. On days 2, 4,
6, and 8 postinfection, nasal washings were collected from each guinea
pig and the viral load therein quantified by plaque assay. Dashed lines
with squares represent nasal wash titers of inoculated animals; solid
lines with triangles represent nasal wash titers of exposed animals.
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To determine whether the observed protection against Cal/
04/09 virus transmission was subtype specific, we then set up a
second experiment in which Pan/99 virus (H3N2) was used for
the initial exposure, rather than Bris/59/07. As indicated in Fig.
3B, the extent of protection offered by previous Pan/99 infec-
tion was very similar to that seen with previous Bris/59/07
infection: full transmission was seen in the naïve control group,
while 50% and 25% transmission efficiencies were observed in
the groups where donor and recipient guinea pigs, respectively,
had preexisting immunity. Thus, the reductions in shedding
titers and transmission resulting from prior influenza virus
infection were not specific to the H1N1 subtype.

Disruption of viral growth and transmission through intra-
nasal IFN treatment. To test the efficacy of locally adminis-
tered type I IFN in blocking the transmission of Cal/04/09
virus, an experiment was set up in which inoculated donor
guinea pigs and/or exposed animals were treated prophylacti-
cally. This experiment was performed using a contact transmis-
sion setup with three animals in each cage: one was infected
intranasally with Cal/04/09 virus and two were exposed. The
animals were divided into two groups. In the first group (Fig.
4A), the intranasally infected donor guinea pigs were treated
with IFN. This treatment began 1 day prior to inoculation and
continued daily until 5 days postinfection (for a total of seven
doses). In the second group (Fig. 4B), intranasally infected
animals were treated with vehicle (PBS) alone. In both groups,
one exposed animal in each cage received IFN treatment, and
the second exposed animal in each cage received PBS. Treat-
ment of exposed animals started 1 day prior to exposure and
continued until day 5 postexposure (for a total of seven doses).

As shown in Fig. 4A, treatment with IFN strongly suppressed
viral growth in inoculated guinea pigs. This reduction in shed-
ding also led to the protection of exposed animals in the same
cage: neither those guinea pigs treated with IFN nor those

FIG. 3. Previous infection with recent seasonal isolates reduces viral load and limits transmission of Cal/04/09 virus. (A) Transmission of
Cal/04/09 virus is reduced from and to guinea pigs with previous exposure to Bris/59/07 (H1N1) virus. (B) Transmission of Cal/04/09 virus is
reduced from and to guinea pigs with previous exposure to Pan/99 (H3N2) virus. (Left) Transmission in the absence of preexisting immunity. In
each case, naïve animals were productively infected through intranasal inoculation (black squares with dashed lines) and transmitted virus
efficiently to contact animals (black triangles with solid lines). (Middle) Transmission from donor guinea pigs with preexisting immunity to a
heterologous strain. Four guinea pigs with previous exposure were inoculated intranasally with Cal/04/09 virus. At 24 h postinfection, a naïve guinea
pig was placed in the same cage with each inoculated guinea pig. In each case, previously exposed animals were productively infected through
inoculation (black squares with dashed lines) but shed lower titers than did previously naïve animals. Transmission to naïve contacts is represented
by black triangles with solid lines. (Right) Transmission to recipients possessing preexisting immunity to a heterologous virus. Four naïve guinea
pigs were inoculated with Cal/04/09 virus. At 24 h postinfection, a guinea pig previously exposed to the indicated heterologous strain was placed
in the same cage with each inoculated guinea pig. In each case, naïve animals were productively infected through inoculation (black squares with
dashed lines). Transmission to previously infected contact animals is represented by black triangles with solid lines.

FIG. 4. IFN treatment blocks transmission of Cal/04/09 virus among
guinea pigs. (A) Lack of transmission of Cal/04/09 virus from IFN-treated
donor guinea pigs. Four guinea pigs treated intranasally with IFN on days
�1 to 5 postinfection were infected with 104 PFU of Cal/04/09 virus (open
squares with dashed lines). Eight naïve guinea pigs, treated with either
IFN (open triangles with solid lines) or PBS (filled triangles with solid
lines), were exposed by being placed in the same cage with one infected
animal. Transmission was not observed to either IFN- or PBS-treated
guinea pigs. (B) Lack of transmission of Cal/04/09 virus to IFN-treated
recipient guinea pigs. Four guinea pigs treated intranasally with PBS
alone on days �1 to 5 postinfection were inoculated with 104 PFU of
Cal/04/09 virus (filled squares with dashed lines). Eight naïve guinea pigs,
treated with either IFN (open triangles with solid lines) or PBS (filled
triangles with solid lines), were exposed by being placed in the same cage
with one infected animal. Transmission was observed to all four PBS-
treated animals but to none of the IFN-treated guinea pigs.
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treated with PBS contracted infection. The results shown in
Fig. 4B indicate that IFN treatment was also sufficient to block
transmission from PBS-treated animals to IFN-treated con-
tacts. Control, PBS-treated animals exposed to inoculated
guinea pigs receiving PBS treatment did, however, become
infected (Fig. 4B). Thus, the results of these experiments show
that, at least throughout the period during which animals were
monitored, intranasal application of type I IFN effectively lim-
ited viral growth in infected animals and prevented transmis-
sion both from and to IFN-treated guinea pigs.

DISCUSSION

Herein we have used the guinea pig model to evaluate the
transmissibility of pandemic H1N1 influenza viruses. This work
extends our previous characterization of the guinea pig model
for the study of seasonal and H5N1 influenza viruses (22, 23,
30). We favor the use of the guinea pig as a model host due to
its high susceptibility to and ability to transmit low-passage
human isolates (in contrast to mice), and based on several
practical considerations such as size and cost, which make
them considerably more convenient for research purposes than
ferrets.

Our data indicate that pandemic H1N1 viruses possess a
similar transmission phenotype to that of seasonal strains well
adapted to the human host. These findings are in agreement
with and therefore reinforce results obtained with the ferret
model (16, 27). Furthermore, the transmission efficiency of the
pandemic H1N1 strains tested was much higher than that of an
H3N2 subtype swine influenza virus isolate of the triple reas-
sortant lineage. Although already apparent from the extensive
spread of pandemic H1N1 influenza viruses in humans, this
finding highlights the fact that the pandemic H1N1 viruses
tested are fundamentally different from a previous swine influ-
enza virus and opens the way for the identification of the viral
factors which support efficient human-to-human transmission.
Our data from the guinea pig model also suggest that partial
immunity against pandemic H1N1 viruses, which will slow their
spread, may exist in the human population. The protection
against Cal/04/09 virus transmission conferred by previous ex-
posure to a seasonal influenza virus was found to be similar
whether the initial infection was with an H1N1 or an H3N2
subtype virus. This result suggests that the basis for protection
was not a neutralizing antibody response targeted against the
viral surface glycoproteins. Consistent with this, no hemagglu-
tination inhibition activity against Cal/04/09 virus was detected
in the prechallenge sera of Bris/59/07- or Pan/99-experienced
guinea pigs (data not shown). Due to the relatively short in-
terval between infections (3 weeks), it is possible that elements
of a nonspecific, innate response to the primary infection re-
mained active at the time of challenge and could account for
the protection seen. Our own unpublished work, in which we
performed a very similar experiment using the pairing of
A/duck/Ukraine/1963 (H3N8) and Pan/99 viruses, suggests
that perhaps this is not the case. When guinea pigs were ini-
tially exposed to A/duck/Ukraine/1963 virus and then chal-
lenged 3 weeks later with Pan/99 virus, very little protection
was seen (75% and 100% transmission efficiencies were ob-
served when the donor and recipient animals, respectively, had
preexisting immunity [data not shown]). The differing out-

comes could be explained by differences in the innate re-
sponses induced by A/duck/Ukraine/1963 virus compared to
those resulting from infection of guinea pigs with a seasonal
human strain. A/duck/Ukraine/1963 virus grew to a peak titer
of about 105 PFU/ml in the inoculated guinea pigs, that is,
100-fold lower than that of Bris/59/07 or Pan/99 virus. Thus, it
is possible that some nonspecific effect of Bris/59/07 or Pan/99
virus infection was still active at 3 weeks postinfection and
accounts for the protection seen in Fig. 3. Alternatively, the
protection seen herein following serial infection may be due to
a component of the adaptive response, perhaps mediated by T
cells or antibodies recognizing epitopes that are shared among
Cal/04/09 and both seasonal influenza virus lineages. These
epitopes would most likely be lacking from A/duck/Ukraine/
1963 virus, in which all eight gene segments are derived directly
from the Eurasian avian influenza virus lineage. Serological
assays designed to detect nonneutralizing antibodies were not
performed; thus, the role that such antibodies may have played
in the protection against reinfection remains unclear.

Precedents for heterosubtypic immunity following influenza
virus infection have been reported, both for humans who ex-
perienced the 1957 pandemic (10) and for animal models (19,
31). It is nevertheless important that the level of protection
against pandemic H1N1 viruses seen in humans with prior
exposure to seasonal strains may not be as high as that seen in
experimentally infected guinea pigs, since (i) as discussed
above, the interval between infections will most likely have an
impact; (ii) the profiles of antibody and T-cell specificities
produced in a guinea pig may differ from those in a human,
especially when one considers humans with a complex expo-
sure history to influenza viruses; and (iii) although we saw
partial protection following natural infection with Bris/59/07
and Pan/99 viruses, vaccination may not produce the same
effect.

Similar to previous studies assessing the impact of IFN treat-
ment of guinea pigs on the replication of influenza A/Viet
Nam/1203/04 (H5N1) virus and the 1918 pandemic strain (33),
we have found that daily IFN treatment effectively reduces the
growth of Cal/04/09 virus, by at least 1,000-fold. We further-
more showed that this treatment regimen completely blocks
transmission both to and from treated guinea pigs, at least up
to day 8 postinfection. The high efficacy observed, especially
with regard to viral spread, could make intranasal type I IFN
an attractive treatment option in the context of the current
influenza pandemic. IFN is already in use for the treatment of
hepatitis C viral infections (17) and has been shown to be
effective against influenza in other animal models (2, 20, 32).
Currently circulating pandemic H1N1 viruses are resistant to
the adamantanes, leaving oseltamivir and zanamivir as the only
FDA-approved antiviral drugs effective against these viruses
(5). Should supplies of these drugs run short or, even more
likely, should resistance to them become prevalent in the pan-
demic virus, alternative treatment approaches will be in high
demand to protect those at increased risk of developing com-
plications following influenza virus infection.
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